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ABSTRACT
We compare two temporal properties of classical double radio sources: i) radiative lifetimes
of synchrotron-emitting particles and ii) dynamical source ages. We discuss how these can be
quite discrepant from one another, rendering use of the traditional spectral ageing method inap-
propriate: we contend that spectral ages give meaningful estimates of dynamical ages only when
these ages are≪ 107 years. In juxtaposing the fleeting radiative lifetimes with source ages which
are significantly longer, a refinement of the paradigm for radio source evolution is required. We
move beyond the traditional bulk backflow picture and consider alternative means of the trans-
port of high Lorentz factor (γ) particles, which are particularly relevant within the lobes of low
luminosity classical double radio sources. The changing spectra along lobes are explained, not
predominantly by synchrotron ageing but, by gentle gradients in a magnetic field mediated by
a low-γ matrix which illuminates an energy-distribution of particles, N(γ), controlled largely
by classical synchrotron loss in the high magnetic field of the hotspot. A model of magnetic
field whose strength lowers with increasing distance from the hotspot, and in so doing becomes
increasingly different from the equipartition value in the head of the lobe, is substantiated by
constraints from different types of inverse-Compton scattered X-rays. The energy in the particles
is an order of magnitude higher than that inferred from the minimum-energy estimate, implying
that the jet-power is of the same order as the accretion luminosity produced by the quasar cen-
tral engine. This refined paradigm points to a resolution of the findings of Rudnick et al (1994)
and Katz-Stone & Rudnick (1994) that both the Jaffe-Perola and Kardashev-Pacholczyk model
spectra are invariably poor descriptions of the curved spectral shape of lobe emission, and indeed
that for Cygnus A all regions of the lobes are characterised by a ‘universal spectrum’.
Subject headings: radio continuum: galaxies — galaxies: evolution — galaxies: jets — galaxies: active
— quasars: general
1. Introduction: lobe loss mechanisms
That the radio radiation from classical double
radio sources arises from synchrotron emission is
beyond doubt: the spectra of many emitting re-
gions of these sources are predominantly power-
law and often characterised by a high fractional
polarisation. Synchrotron cooling is by no means
the only significant loss mechanism to be mani-
fested on the spectra of these sources however. A
recent study has demonstrated the importance of
expansion losses on evolving radio sources, which
we briefly review.
Blundell, Rawlings & Willott (1999, figure 8)
found that the strongest correlation1 between any
two properties of low-frequency selected radio
sources in complete samples is that sources with
longer linear sizes D have steeper spectra α when
these are evaluated at rest-frame 151MHz. This is
known as the D–α correlation. This correlation is
independent of any separate correlation between
other source properties: the Spearman rank cor-
relation coefficient at constant luminosity P and
constant redshift z is rDα|Pz = 0.37, with any
1The strongest intrinsic correlation that is; a very strong ar-
tificial correlation is found between luminosity and redshift
because of the Malmquist bias.
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dependence on the assumed cosmological model
only arising in the significance of this effect (which
varies between 5σ – 6σ for the models considered).
Moreover, simulations of model sources discussed
in that paper show that throughout the lifetime of
an individual source, its low-frequency spectrum
steepens. These simulations, when combined with
the sampling-functions due to the survey flux-
limit and light-cone interception, regenerate the
D–α correlation.
Blundell, Rawlings & Willott (1999) attributed
the steepening of low-frequency spectra with age
to adiabatic expansion losses. Adiabatic expan-
sion losses occur when an emitting blob of plasma
expands, with a consequent decrease in the mag-
netic field strength and in the energies of the parti-
cles themselves (Scheuer & Williams 1968). When
one considers a fixed observing frequency, a lower
magnetic field means that higher Lorentz factor
particles are required to radiate at the chosen fre-
quency. The relationship between the Lorentz fac-
tor γ of particles giving rise to emission at some
specific frequency ν, and the ambient magnetic
field strength B is given by:
γ =
(
me
eB
2piν
) 1
2
, (1)
where e is the charge on an electron and me is its
rest-mass.
Because it is essential to factor in not just
synchrotron losses (and, at high redshift, inverse
Compton losses off the cosmic microwave back-
ground [CMB]) but also adiabatic expansion losses
to analyses of the spectra of radio lobes, we con-
sider in this paper how these arise and what
changes must be made to existing views of radio
source evolution. The outline of this paper is as
follows: in §2 we describe briefly studies to date
which have inferred spectral ages of classical dou-
ble radio sources, in §3 we specify and quantify
the radiative lifetimes of synchrotron particles in
the lobes, in §4 we discuss what is meant by the
lifetime of a radio source, and then in §5 we com-
pare the dynamical ages of sources we observe with
their spectral ages and with the relevant radiative
lifetimes. In §6 we re-visit the problem, first iden-
tified by Jenkins & Scheuer (1976), that longer and
less-powerful radio sources invariably have lobe
emission (even at GHz frequencies) which often
persists back to the core, while shorter and more-
powerful sources do not have lobe emission which
extends back to the core. We discuss seven mech-
anisms in §7 by which the findings of the two pre-
vious sections might be reconciled. One of these
mechanisms has been almost completely neglected
in the past and is worthy of further serious con-
sideration. We discuss possible information which
might be gleaned from the rarity of ‘dead’ radio
galaxies, discussed in §8. In §9 we discuss a re-
fined picture of radio source growth.
Our refined model enables us to identify a con-
tribution —more important than just synchrotron
cooling — to spectral steepening which is ob-
served to increase along radio lobes with increas-
ing distance from the hotspot; this we discuss in
§10. In §11 we investigate independent support
for the predictions of this model, from detections
of inverse-Compton X-rays associated with radio
sources and consider the implications for the over-
all energy budget.
We examine the results of Rudnick et al. (1994)
and Katz-Stone & Rudnick (1994) in §12 in the
light of the model which we discuss in §9. We
conclude in §13.
2. Spectral ageing
If a magnetized blob of plasma, with an ini-
tial power-law spectrum N(γ) to infinite energy,
were subject only to synchrotron cooling via the
uniform magnetic field strength (B) in which it is
deemed to be immersed, then a cutoff or ‘break’
in that power-law spectrum would appear (Karda-
shev 1962, Pacholcyzk 1970, Jaffe & Perola 1973).
The frequency at which this break occurs (νB)
would move to lower frequencies as νB ∝ B−3t−2
where t is the time elapsed since the blob of plasma
had its particles accelerated to their initial power-
law energy distribution. Fits to the curved spec-
tra observed in small transverse elements of radio
lobes have led changes in spectral curvature to be
identified with these break frequencies. These es-
timates of the break frequencies, together with an
estimate of the magnetic field strength have led
to estimates of the ‘spectral age’ [or time elapsed
since acceleration] being made across successive el-
ements in the lobes of radio sources (e.g. Winter
et al. 1980; Myers & Spangler 1985; Alexander &
Leahy 1987; Liu, Pooley & Riley 1992). These
workers have interpreted the spectral ages of the
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regions of lobe nearest the core as being closely
related to the source age.
However, if other loss mechanisms besides syn-
chrotron cooling, such as adiabatic expansion
losses as discussed in §1, are also taking place
then the observed break frequency in the spec-
trum will have been reached more rapidly than
the above simple picture will allow, as long as
the magnetic field strength has only tended to
decrease with time. Unless the true value of the
magnetic field is vastly less than that estimated
(see discussion in §7.1), this would render sim-
ple spectral ages to be over-estimates of the time
elapsed since acceleration (see e.g. Alexander
1987). It is likely that a given blob of plasma will
have spent some time in a higher magnetic field
when it was near the hotspot than subsequently
for example, and knowledge of the ‘history’ of the
magnetic field evolution is required to begin to re-
interpret measured spectral ages. A modification
of the formula for break frequency when both syn-
chrotron and adiabatic expansion losses take place
may be found in Blundell & Alexander (1994).
Many have aired concerns about the spectral
ageing method, e.g. Jones, Ryu & Engel (1999)
have pointed out that any mixing of particles
within the lobes will contaminate estimates of
spectral ages, while Tribble (1993) has demon-
strated that subtleties in spectral evolution are
more appropriately attributed to the magnetic
field configuration than to differences in the evo-
lution of the pitch-angle distribution, while oth-
ers have discussed the difficulty of estimating the
magnetic field strengths or identifying the mag-
netic field history for a given blob of plasma (e.g.
Siah & Wiita 1990; Wiita & Gopal-Krishna 1990;
Rudnick et al. 1994; Rudnick 1999) and we do not
repeat them here. We remark, however, that un-
less the spectral ages to be measured are much
shorter than the radiative lifetimes of the particles
which constitute the evolving spectrum, spectral
ageing is a flawed method.
3. Radiative lifetimes
We now consider for how long a synchrotron
particle can contribute to emission observed from
a radio lobe.
A very naive estimate of the length of time for
which a synchrotron-emitting electron will radi-
ate, under the conditions thought to be found in
a lobe of a classical double radio source, may be
obtained by dividing the total kinetic energy E,
of one electron by its synchrotron power P , as fol-
lows:
E
P
=
(γ − 1)mec2
2σTcγ2
(
v
c
)2
Umag sin
2 θ
. (2)
Here γ is the Lorentz factor of the electron, c is
the speed of light, σT is the Thompson scattering
cross-section for electrons, v is the velocity of the
electron, Umag is the magnetic energy density and
θ is the pitch-angle of the electron’s motion with
respect to the magnetic field lines. We set v/c and
sin2 θ to 1. Equation 1 tells us that to radiate at
rest-frame 5GHz in a magnetic field strength of
1 nT the required Lorentz factor of the electron is
γ ∼ 104.
The radiative lifetime of such an electron would
be just under 107 years according to Equation 2
with γ = 104. However, this naive sum overlooks
two important factors: i) clearly a particle with
γ ∼ 104 cannot radiate for 107 years at 5GHz in
the assumed constant magnetic field. Rather, this
duration of time indicates how long it would take
a particle cooled by synchrotron losses to change
from having γ ∼ 104 to having γ ∼ 1 if its cool-
ing rate were maintained at the level expressed in
equation 2, with γ = 104. ii) The lobe of a ra-
dio source is an evolving entity and the adiabatic
expansion losses (especially the decreasing mag-
netic field) discussed earlier mean that particles
with continuously higher γ are required to produce
the emission at the same chosen frequency as the
source ages. For example, in the scenario above, a
γ ∼ 104 particle will emit most of its radiation at
5GHz if the magnetic field strength is 1 nT. If the
field lowered adiabatically to 0.1 nT then particles
whose Lorentz factors are 3 × 104 are required to
produce the emission at the same ‘observing fre-
quency’ of 5 GHz. In a radio lobe, changes in
the magnetic field go hand-in-hand with changes
in the energies of the particles themselves since it
is the expansion of the lobe which governs both.
Thus the particle now radiating in the lower B-
field of 0.1 nT at 5GHz with γ ∼ 3 × 104 would,
prior to the decrease in magnetic field strength,
have had γ ∼ 105.
Matthews & Scheuer (1990) were the first to
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Fig. 1.— These plots show the fraction of the age
of the radio source for which the particles radi-
ating at a certain frequency have been in the ra-
dio lobe, against the age of the radio-source. The
lower plot is for a simulated radio source with each
jet carrying a bulk kinetic jet-power Qo = 10
40W
and the upper plot is for Qo = 10
37W. The
assumed environment for these simulated radio
sources has a number density at radius 100kpc of
n100 = 2 × 103m−3 and a spherically symmetric
profile outside a core radius of r = 10kpc whose
density falls off as r−1.5. The normalisation fac-
tor c1 for the source growth in the model of Falle
(1991) is 3.5 (Kaiser et al. 1997).
consider the losses suffered by particles of a given
Lorentz factor (γ) due to synchrotron cooling and
adiabatic expansion losses as a function of time
and to quantify their influence on dγ/dt. Kaiser,
Dennett-Thorpe & Alexander (1997) have mod-
ified their relation to include the influence of
inverse-Compton losses off the CMB (which fol-
low the behaviour of synchrotron losses) and this
may be used to relate the Lorentz factor of a syn-
chrotron particle contributing to the emission at
some given frequency, the time it was injected into
the lobe and its Lorentz factor at the time it was
injected. The relation can be used to define a max-
imum time which can elapse between an initial
time when a particle is injected with Lorentz fac-
tor γ and the time of observation, if the particle is
to emit synchrotron radiation at the specified ob-
serving frequency. This time of injection is called
tmin; prior to this time, even if particles of ex-
tremely high Lorentz factor are injected into the
lobe, their enhanced energy losses will be so catas-
trophic that their Lorentz factors will be too low
at the time of observation2 (tobs) to contribute to
radiation at the chosen frequency, in a given B-
field.
Thus for the ensemble of particles contributing
to the radiation at a given emitted frequency at
tobs, those which had the largest Lorentz factors
at injection are injected at tmin and those with the
lowest are those actually injected at tobs. There is
no trivial identity which connects tmin with the
age of the source, as Fig. 1 shows.
The clear implication from this figure is that a
few 107 years is a very definite upper limit to the
maximum radiative lifetime of a synchrotron emit-
ting particle, if the magnetic field experienced by
the particles in the lobe is as we describe in §9.2
(namely gently decreasing because of the expan-
sion of the lobe, and of order a few nT). Particles
responsible for radiation at lower frequencies have
a greater difference between tmin and tobs as seen
in Fig. 1 and discussed in Blundell, Rawlings &
Willott (1999).
Thus reconciling inferred spectral ages (dis-
cussed in §2) (particularly if synchrotron cooling
2We use the term ‘time of observation’ quite liberally here to
mean ‘when the source intercepts our light-cone’ or equiv-
alently ‘when the light we ultimately observe leaves the
source’.
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is the only loss mechanism accounted for) with
source ages (see §5) necessarily requires a re-think,
since any given set of particles only contributes to
the radiation for a small fraction of the age of a
classical double. We discuss such a re-think in §7.
4. Source lifetimes
Given current terminology in the literature we
first clarify our useage of the terms ‘age’ and ‘life-
time’ in the context of observed radio sources.
Knowledge of their lifetimes — the maximum du-
ration of time for which sustained accretion and
jet production is to be maintained — is relevant
for constraining models of jet-producing central
engines. Current modelling of the maximum du-
ration of time for which sufficient jet-power may
be extracted from the black-hole suggests limits
of 108 – 109 years (Meier 1999) which depend
on both the mass and the spin of the black hole.
Knowledge of the ages of the observed objects un-
der study is crucial if one is to correctly interpret
details of the environmental context in which the
radio source resides.
5. Source ages
The simplest constraints on source ages come
from making use of the measured projected phys-
ical size of a radio galaxy in a particular cosmo-
logical model and estimating the speed at which
it has expanded to that size.
Direct measurements of the advance speeds in-
ferred from the proper motion of the hotspots
in compact symmetric objects (CSOs) have been
made by Owsianik et al. (1998) and Owsianik
& Conway (1998) which find them to be rapid
(0.2 c – 0.25 c). The model for source expansion of
Falle (1991), with the sources expanding into poor-
group type environments [e.g. as parameterised in
Blundell, Rawlings & Willott (1999); Blundell &
Rawlings (1999)], predict such speeds for the ear-
liest stages of a source’s life. This model predicts
that these speeds reduce gradually, by an order
of magnitude, as the sources age. We now con-
sider speed estimates for these older classical dou-
ble radio sources which are the focus of this paper.
Many of these speed estimates have come from
consideration of side-to-side asymmetries which
are presumed to arise from light-travel-time ef-
fects. These effects arise because the lobe nearer to
the observer is seen at a more recent epoch than
the other lobe so it is seen when it is older and
hence, in the absence of other influences, longer.
The faster a source is expanding the more likely
it is to exhibit asymmetries in arm-length, as ex-
pressed in Equation 3 and as shown in the lower
plot of Fig. 2. The observed asymmetry in arm-
length (quantified as x) of an intrinisically sym-
metrical radio source expanding from the centre
of a spherically symmetrical environment, each of
whose lobe-lengths is growing at speed cβH and
whose jet-axis is oriented at angle θ to the line-of-
sight is given by:
x =
(1− βH cos θ)
(1 + βH cos θ)
(3)
Longair & Riley (1979) measured the arm-
length asymmetries of classical doubles from the
3C catalogue and from the maximal asymmetries
found, deduced that there was an upper limit of
0.2 c to the advance speeds of these objects. A sim-
ilar and subsequent analysis by Banhatti (1980)
found that half the classical double sources had
advance speeds between 0.1 c and 0.4 c. More re-
cently, Best et al. (1995) performed a similar anal-
ysis on objects from 3C but when they allowed for
the misalignment of up to 10 deg out of collinear-
ity for the two arms of a radio source found that
the distribution of arm-length asymmetries was
best reproduced by a mean advance speed of 0.2 c,
with some advance speeds extending up to 0.4 c. A
more realistic analysis was performed by Scheuer
(1995) who avoided attributing asymmetric arm-
lengths to light-travel-time effects unless there was
independent evidence of relativistic effects from
the detection of a jet. Mindful that environmen-
tal asymmetries have been shown to cause sig-
nificant asymmetries in arm-lengths3 we conclude
that arm-length asymmetries which are caused by
effects other than light-travel time effects must not
be included in this type of analysis. Therefore we
adopt Scheuer’s upper limit that the maximum ad-
vance speed of (fairly small and powerful) classical
doubles is likely to be 0.03c. Such a speed, when
taken together with the physical sizes of classical
doubles (e.g. several 100s of kpc) such as those
3McCarthy et al. (1991) found that the side of a source with
a shorter lobe was invariably found to be that with brighter
emission-line gas.
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studied by Alexander and Leahy (1987) give ages
of > 108 years. These ages are an order of mag-
nitude larger than the ages Alexander & Leahy
inferred by equating the spectral ages of the strips
of lobe closest to the core with the age of the radio
source.
The largest radio sources (the so-called giants
which have projected linear size D > 1Mpc) show
no indication of being larger because they have ex-
panded more quickly4 than shorter radio sources:
Ishwara-Chandra & Saikia (1999) found for their
sample of giant radio sources that these are not
significantly more asymmetric than sources with
smaller physical sizes. If the giant radio sources
do expand at speeds no faster than the value
quoted above, then their large linear sizes must be
achieved by higher ages, i.e. >∼ a few 10
8 years, po-
tentially exacerbating the problem of source ages
being highly in excess of the maximum radiative
lifetime for synchrotron-radiating particles.
The spectral ages of giants studied by Mack
et al. (1998) and Lacy et al. (1993) (all with ra-
dio luminosities < 1026WHz−1 sr−1 and likely to
have jet-powers ∼ 1037W) were found to be 3 – 4
×107 yr which if identified with their source ages
would imply speeds of >∼ 0.1 c. Given the maxi-
mum speed-limit identified by Scheuer (1995) for
the most powerful classical doubles, taken at face
value this would appear to go against the intu-
itively compelling idea (substantiated by the di-
mensional analysis of Falle (1991): see Fig. 2) that
less powerful sources grow less quickly than more
powerful sources.
6. How far away from the hotspot can the
lobe material radiate?
Jenkins & Scheuer (1976) pointed out that if
synchrotron cooling played a part in the spectral
shape of extended lobes, lobes should be observed
to extend further at low-frequency than at high-
frequency. This rarely seems to be the case (Blun-
dell et al. 1999c). Rather, the extent of the lobe
seems to depend on the luminosity of the radio
source: low-P , large-D sources [like those stud-
ied by Alexander & Leahy (1987)] invariably seem
to have their lobe emission extending all the way
4Although examples of a distinct situation, rapidly expand-
ing GHz-Peaked Spectrum (GPS) sources associated with
Mpc lobes, are known e.g. Schoenmakers et al (1999).
Fig. 2.— Upper plot: Linear size of radio source
(in kpc) versus source age (in years); the left curve
is for a source each of whose jets carry a bulk ki-
netic power Qo = 5 × 1040W and the right curve
is for a source with Qo = 1 × 1037W, derived ac-
cording to the model of Falle (1991) and assum-
ing the same environments as for Figure 1. The
higher powered source reaches a size of 1Mpc af-
ter only ∼ 1.5 × 107 years while the lower pow-
ered source reaches this size after ∼ 3× 108 years.
The faster expansion speed of the higher pow-
ered source should manifest itself in more dra-
matic side-to-side asymmetries due to light-travel
time effects as shown in the lower plot; lower plot:
the predicted arm-length asymmetries expected
for two different example advance speeds.
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back to the core. Evidence that this strong struc-
tural dependence on luminosity was the case was
presented by Jenkins & McEllin (1977) who iden-
tified that the more luminous classical doubles had
a higher fraction of flux-density originating in the
outermost regions (within 15 kpc, i.e. the head and
hotspot regions) than lower luminosity sources.
This is very pronounced in high redshift radio
galaxies where the emission seen at GHz frequen-
cies comes very largely from the hotspots and very
little from the lobes [see example maps of such
high redshift radio galaxies from the 6C* sample
in Blundell et al. (1998)]. In contrast, those high-
P , small-D sources [such as those studied by Liu,
Pooley & Riley (1992)] seem to show lobes ex-
tending only say, half-way back from the head to
the core. (Although sometimes in these powerful
sources with docked tails, faint emission can be
still be seen close to the core (Leahy, Muxlow &
Stephens 1989). However, while Leahy et al found
this emission to be very faint, it was not found
to be steep. Rather it was characterised by emis-
sion with a similar spectral index to that measured
somewhat closer to the hotspot.)
Thus it is in the low-luminosity sources that
the confrontation of radiative lifetime and source
age is most problematic: GHz lobe emission in
these objects, including at points furthest from the
hotspot, is seen from synchrotron-emitting parti-
cles with radiative lifetimes <∼ 10% of the source
age.
7. How to re-interpret/reconcile spectral
ages
There are two main approaches to the re-
interpretation of spectral ages to reconcile them
with source ages: i) lowering the magnetic field
throughout the lobe below the equipartition val-
ues traditionally used, so that the ages inferred
from the spectral ageing method are higher and
more consistent with their true ages (§7.1) and ii)
mixing plasma of different ages and particularly
mixing the plasma furthest from the hotspot with
recently accelerated particles (this approach takes
a number of different forms and we discuss six of
them in §7.2 — §7.7).
7.1. Sub-equipartition B-field in the lobe-
heads
Alexander & Pooley (1996) outline a means by
which the expansion speed implied by the spec-
tral ageing analysis of Cygnus A might be made
more than an order of magnitude lower in order
to be consistent with its dynamically-inferred ex-
pansion speed based on the assumption of ram-
pressure confined hotspots. If the magnetic field
strength in the lobe were below the value which
would be in energy equipartition with the par-
ticle pressure then the spectral ages5 would be
higher and less discrepant with the dynamical ages
than if equipartition magnetic field strengths were
used. The expansion speed vh inferred from spec-
tral ageing depends on the assumed magnetic field
strength B as vh ∝ B3/2, and thus to reduce vh
by a factor of >∼ 10 requires B to drop by a factor
of >∼ 5.
Alexander & Pooley cited strong observational
evidence for equipartition in the hotspots (Har-
ris et al. 1994)6. They suggested that it is the
process by which the plasma leaves the hotspot
which causes the magnetic field strength to go out
of equipartition with the energy in the particles.
They aimed to model the flow out of the hotspot
by steady diverging streamlines along which mag-
netic flux is conserved (i.e. the flux-freezing con-
dition of B ∝ 1/A holds, where A is the cross-
sectional area of some fixed loop) and along which
mass is conserved (i.e. ρvA is constant, where ρ
and v are the density and velocity along a stream-
line at some point). They obtain a relationship
for the ratio of the energy densities in the parti-
cles (up) and in the magnetic field (uB) in terms of
the velocities along the streamlines. This ratio is
derived using relationships for the pressure p and
density ρ in terms of these velocities from Landau
& Lifshitz (1959, eqns 83.16). They obtain the
following:
up
uB
∝ p
B2
∝ p
ρ2v2
∝ 1
v2/c2∗
(1− v2/7c2∗)4
(1− v2/7c2∗)6
(4)
5Though note this still ignores the consequences of expan-
sion losses.
6Harris et al. detected X-ray emission associated with the
hotspots which, if caused by the synchrotron self-Compton
process, requires a magnetic field strength very close to the
equipartition value given certain assumptions, (specifically
that there is no dominant presence of protons).
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where c∗ is the velocity at the point in the flow
where ρv is a maximum. They approximate the
velocity out of the hotspot to be c∗. Alexander
& Pooley claim that a drop in v by a factor of
1/
√
2 readily gives the required increase in p/B2
of a factor of 5. In fact their formula (shown here
in equation 4) shows that to achieve this increase
in p/B2 requires the bulk flow velocity to decrease
from its initial value by a factor of 0.4.
7.2. Fast bulk backflow
In two spectral ageing studies (Alexander &
Leahy 1987; Liu, Pooley & Riley 1992) the au-
thors found that the spectral ages they derived
implied advance speeds which were unacceptably
high, even not accounting for adiabatic losses, in
the light of the then upper-limit7 to head advance
speeds of Longair & Riley (1979) of ∼ 0.2 c. As
pointed out by Winter et al. (1980) the speed at
which a given strip of plasma in the lobe sepa-
rates from the hotspot is the anti-vector sum of
the oppositely directed head advance speed and
the backflow speed in the frame of the host galaxy.
Bulk backflow speeds of ∼ 0.1c, i.e. comparable
with the advance speeds, were invoked to alleviate
the requirement for such high advance speeds.
Leahy, Muxlow & Stephens (1989) find that
the central regions of lobes have much less distor-
tion in the higher-powered sources than do those
of lower-powered sources. They suggest that this
means that there is less backflow in more power-
ful sources. If the spectral age estimates were true
this would be in contradiction with Alexander &
Leahy (1987) and Liu, Pooley & Riley (1992) who
found that the lobe speed vl (sum of advance and
backflow speeds deduced from spectral ageing) in-
creases with radio luminosity P , as vl ∝ P 0.33 as-
suming that the advance speeds are as deduced by
Scheuer (1995) (see §5).
A high bulk backflow speed requires some phys-
ical sink for the backflowing material and a few
examples of ‘X’-shaped sources are known where
this may be the case (Leahy et al. 1997; Dennett-
Thorpe et al. 1999). However, there appears to
be no evidence of powerful classical double ra-
dio sources showing any excess lobe structure in-
dicative of backflow at low-frequencies like 74MHz
7See dicussion of more up-to-date and tighter constraints in
§5.
than at GHz frequencies (Kassim et al. 1993; Blun-
dell et al. 1999c). There are no examples known of
lobe emission near the core betraying signs of com-
pression (for example by enhanced surface bright-
ness compared to the rest of the lobe).
In the context of a leaking hotspot model and
the complex magnetic field structure in the vicin-
ity of the hotspot it seems unlikely that as plasma
emerges from the hotspot in the frame of the host
galaxy it has a huge bulk flow away from the
hotspot towards the core.
Although some simulations have shown rapid
bulk backflow speeds (see e.g. Norman et al.
1982), these speeds are strongly influenced by the
boundary conditions used: open boundary condi-
tions in the plane from which the jet emanates,
and through which lobe material may exit, will
enforce rapid flow away from the hotspot. Simula-
tions with more appropriate boundary conditions
can still show fast, but filamentary, backflow in the
very early stages of a source’s life. State-of-the-art
simulations have much to offer in this area.
7.3. Turbulent (convective) backflow
A variant on the bulk backflow model (Leahy,
Muxlow & Stephens 1989) is to assume that
the turbulent mixing within the lobe of freshly-
injected plasma and older plasma is sufficiently
large-scale and fast that efficacious transport of
highly energetic particles to great distances away
from the hotspot is achieved. In practice, this
requires the effective velocity of transport to still
be of the same order as the invoked bulk backflow
speeds discussed in §7.2.
7.4. Particle re-acceleration
An alternative way of introducing highly ener-
getic particles into regions of the lobe close to the
core of a radio source is to invoke that the hotspot
is not the only source of high-γ particles, but that
within the lobe itself re-acceleration of particles
occurs.
This has been invoked by Parma et al. (1999),
in the context of FR I (Fanaroff & Riley 1974) ra-
dio sources, as a way to explain the low values
of spectral ages in comparison with the dynami-
cal ages. It has also been invoked by Carilli et al.
(1991) in the case of Cygnus A to explain spectral
shapes observed near the hotspot which do not
8
exhibit symptoms of straightforward synchrotron
losses.
Eilek & Shore (1989) included in situ electron
re-acceleration both by Alfve´n waves and by a
Fermi mechanism in their model radio sources
which were evolving in a uniform medium. They
found this gave little global influence on the lumi-
nosity behaviour. This may be because in practice
it is hard to achieve re-acceleration mechanisms in
the lobe whose efficacy is comparable with that of
the hotspot, and the rate at which it is able to
supply energized particles. It is even harder if one
considers that the particle acceleration mechanism
has to generate higher-γ particles than are needed
to radiate in the higher magnetic field region of
the lobe-head, a point to which we return in §10.
Independent evidence that particle re-acceleration
is not occuring has been found by Rudnick et al.
(1994) and Katz-Stone & Rudnick (1994) and is
discussed in §12.
7.5. Freezers
Eilek, Melrose &Walker (1997) have considered
possible physical mechanisms which would cause
radio sources to appear younger than their implied
dynamical ages. They invoked that if a relativistic
electron spends most of its time in a low-field re-
gion then diffuses into a high-field region in which
it must radiate more efficiently than in a low-field
region, on average it loses energy more slowly than
if it were continuously in the high magnetic field
region8. If there are substantial inhomogeneities
in the B-field and a sufficient quantity of ener-
getic particles were somehow contained within a
low magnetic field state then this could in princi-
ple occur.
The filamentary nature of radio lobes seen in
the best quality total intensity images (e.g. Cygnus
A by Carilli et al. 1991) is circumstantial evidence
that there are discrete regions of high and low
magnetic fields within lobes. However, we note
that it is only with the certainty of containment
of the fast synchrotron particles that this could be
a viable mechanism (see §7.7).
8Such an idea of a ‘magnetic freezer’ was first invoked by
Scheuer (1989) in the context of low magnetic fields in jets
to preserve an extremely high Lorentz factor population of
particles from rapid synchrotron losses.
7.6. Low pitch-angle reservoir
Spangler (1979) pointed out that electrons with
small pitch-angles do not suffer significant syn-
chrotron losses but would diffuse in pitch-angle
due to the influence of irregularities in the mag-
netic field he envisaged being superimposed on a
uniform field longitudinal with the lobe. He sug-
gested that the loss via synchrotron cooling of en-
ergetic electrons in high pitch-angle states is bal-
anced by re-supply from the low pitch-angle reser-
voir. However, it is unlikely that the relative frac-
tion of low pitch-angle particles is sufficient to re-
plenish the rather larger fraction of rapidly radi-
ating high pitch-angle electrons, as the fraction of
particles having pitch-angle < θ, for an isotropic
distribution, is given by 1−cos θ. Moreover, such a
model relies on having an essentially longitudinal
magnetic field (for which there is no observational
evidence) and which would be difficult to sustain
on theoretical grounds (anchoring such magnetic
flux would be very difficult).
7.7. Fast streaming
We now consider whether relativistic particles
can stream through low-energy plasma to pene-
trate those parts of the lobe whose original supply
of energetic particles have long since radiated their
energy away.
Streaming of high-γ particles parallel to field
lines is of course extremely fast and can proceed
at speeds close to c. In contrast motion perpendic-
ular to the local field lines will be extremely slow.
Since there is no observational basis for magnetic
fields purely longitudinal with the lobe (see §7.6)
and tangled fields (albeit on an unknown variety
of scale-lengths) are more likely, it is necessary to
consider mechanisms for the scattering of particles
to randomize their directions so that streaming
parallel to the local field configuration may occur.
The anomalous diffusion mechanism of Rech-
ester & Rosenbluth (1978) involves the random
walk of the particles taking place across randomly
oriented regions of magnetic field. Following Duffy
et al. (1995) and assuming a tangling scale of
10 kpc, in 106 years the r.m.s. distance diffused is
∼ a few 100kpc. This distance is comparable with
the arm-lengths of the large-D, low-P sources in
the spectral ageing study of Alexander & Leahy
(1987) and the timescale is less than the radiative
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lifetime of synchrotron emitting particles in these
sources (§3).
Such scattering mechanisms are necessary to
explain the difficulties of plasma containment seen
in laboratory plasmas (Dendy 1993) and there is
no basis for believing that astrophysical plasmas
should not have the tangled configurations which
cause the particles to be scattered.
Winter et al. (1980) claimed that there is an
upper limit to the mixing speed of 4× the ad-
vance speed based on the assertion that otherwise
a uniform population of electrons would be seen
in all parts of the lobe; such an analysis neglects
the influence of the magnetic field configuration
(specifically the gradient in strength from hotspot
to core) within the lobe, discussed in §10. The
speeds which we discuss here should be regarded
as penetration speeds rather than mixing speeds.
8. Energy transport and the rarity of dead
radio galaxies
It is clear that there are some serious draw-
backs with the assumptions of a significantly sub-
equipartition B-field (§7.1, see also §sec:equip)
within the lobe-heads, fast bulk backflow (§7.2),
convective backflow (§7.3) and a low pitch-angle
reservoir (§7.6).
However, the scenarios for replenishing the
lobes with energetic particles long after the
hotspot has passed by outlined in §7.4 (parti-
cle re-acceleration), §7.5 (freezers) and §7.7 (fast
streaming), in principle can resolve any discrep-
ancies implied by spectral ageing. However, what-
ever the details of the physical mechanisms by
which the scenarios discussed in §7.4 (particle re-
acceleration) and §7.5 (freezers) would be gov-
erned, it is not clear that either of these processes
would know when to stop. In other words, there
is potentially a problem with a surfeit of sources
having highly radiant lobes long (> 108 years) af-
ter jets and hotspots have switched off.
Examples of relic classical doubles are rare,
with only a very few examples known (Cordey
1987; Harris et al. 1995, 1993). Riley (1989) has
used the sensitivity of the 6C survey to investi-
gate whether any extended sources were unwit-
tingly missed by the revised 3CR survey of Laing,
Riley & Longair (1983). Apart from a few slight
corrections due to measurement errors and con-
fusion, no such sources were found. When Riley
lowered the flux-limit from 12 Jy at 151MHz to
9.5 Jy, while the sample size increased by 50%, all
of these sources were found to be bona fide clas-
sical doubles. Giovannini et al. (1988) find that
there are just 3 – 4 % of their sample of radio
sources selected from the B2 and 3C catalogues
which are relics.
In the example relic classical double studied by
Cordey (1987), IC 2476, lobes of smooth extended
low-surface brightness emission are seen in images
with greater than half-arcmin resolution, which
straddle a z = 0.027 galaxy. Higher resolution
images resolve out these lobes completely, yet find
no evidence of hotspots or a core or jet. It is very
likely that at non-zero redshifts the absence of relic
radio galaxies has its explanation in the ‘Youth-
Redshift degeneracy’ we described in Blundell &
Rawlings (1999). This is the effect in which a com-
bination of declining luminosity-with-age for radio
galaxies9 and the application of a survey flux-limit
mean high-redshift radio galaxies are not seen at
late stages in their lives. However, this explana-
tion does not help to explain the deficit of relic ra-
dio galaxies in the local (z < 0.5) Universe, where
the effect of the flux-limit is not so drastic.
The expansion of the low-γ plasma lobe can
only occur on timescales consistent with the sound
speed so this cannot be a rapid process. A rapid
decay time does however come from considering
the brevity of the radiative lifetimes of the syn-
chrotron emitting particles.
We suggest that the role of fast streaming via
anomalous diffusion of energetic particles through-
out radio lobes might make a new contribution
to the explanation for the rarity of ‘dead’ radio
sources found to date in surveys of the local Uni-
verse. If there were a sudden cessation in the sup-
ply of bulk kinetic jet-power, a radio source might
begin to fade from view within a time-scale compa-
rable with the maximum radiative life-times of the
synchrotron particles (>∼ 10
6 years) of the hotspot
ceasing to inject high-γ particles into the lobe.
Though the magnetic field can still be present as
long as the low-γ plasma lobe is confined, high-
γ particles are no longer injected into the lobe to
9These arise in all reasonable models of radio galaxy evo-
lution and environment, even while the jet continues to
deliver a constant bulk kinetic power.
10
replenish the synchrotron-radiating population.
9. A refined spatially-resolved model of
radio sources
Upto now it has always been assumed that the
high-γ particles are a smooth continuation of the
ones which govern the magnetic field and into
which the magnetic field is frozen, and that the lo-
calisation of the high-γ particles is co-spatial with
the magnetic field. This has yet to be justified in
the context of astrophysical plasmas.
9.1. Assumptions about hotspot output
and the nature of the lobe
We assume that the bulk backflow velocity out
of the hotspot is very close to zero in the frame of
the host galaxy. We picture the hotspot dumping
successive elements of plasma. These elements re-
lax into the lower pressure of the head region and,
bringing a new supply of particles, the volume of
the head region increases and the source expands.
In the radio source model we developed in Blun-
dell, Rawlings & Willott (1999), each element
of hotspot material which transfers to the lobe-
heads has an energy distribution which is char-
acterized by two adjoining power-laws, the low-
energy regime having a frequency spectral index10
of α = 0.5 and above the break frequency νB the
frequency spectral index is α = 1. Where the
break frequency occurs depends on the dwell-time
for which particles have resided in the enhanced
magnetic field which has built up in the hotspot.
Thus with elements of the hotspot escaping into
the lobe which have had different dwell-times in
the hotspot, a summation of spectra are injected
into the lobe which together comprise a curved
injection spectrum. Note that such a model re-
solves the ‘injection index discrepancy’ discussed
by Carilli et al. (1991, §5.2.2.2). Carilli et al. said
that the low-frequency spectral index measured in
the lobe should reflect either the α = 0.5 spec-
tral index of the hotspot (if expansion losses were
small) or the α ∼ 1 spectral index of the hotspot
seen at higher frequencies (if the expansion losses
were large). In fact they measure a low-frequency
spectral index of 0.7. We remark that the low-
10We use the convention for spectral index (α) that Sν ∝
ν−α, where Sν is the flux density at frequency ν.
frequency spectral index should thus not be iden-
tified with the injection spectrum; this might lead
one to spuriously conclude that the injection spec-
trum varies along the lobe and hence throughout
the lifetime of a source.
These elements dumped into the lobe-head
we suggest may be identified with the turbu-
lent eddies in the hotspot model of De Young
(1999) which have escaped out of the hotspot.
As long as they are on sufficiently small spa-
tial scales these eddies will have magnetic field
strengths in equipartition with their particle ener-
gies (De Young 1999). Equipartition of the mag-
netic energy density and the particle energy den-
sity is maintained in the hotspot to head transition
as long as the mixing — energized by the eddies
from the hotspot — persists.
We assume that once an element of plasma is
‘dumped’ by the hotspot it will gradually expand
to the ambient pressure, that of the head. We re-
gard this input of particles as constituting a new
slab of the lobe whose addition lengthens the lobe.
Subsequent injections of plasma into the lobe add
further slabs each of whose pressure is similar to
that of the slabs either side. Subsequent expansion
of these volumes is entirely transverse since they
are approximately pressure matched front and
back. If the pre-expansion magnetic field is purely
longitudinal then the magnetic field strength in
these slabs will follow B ∝ 1/A and if it is tangled
then it is approximated by B ∝ 1/
√
A where A is
the cross-sectional area of the slab. This causes a
decline in the magnetic field strength, a point to
which we return in §9.2.
The collection of many slabs constitutes a body
of plasma which purveys the magnetic field. We
posit that the slabs of plasma are dumped by the
hotspot, and once the radiative lifetime of their
particles has expired, will make no further direct
contribution to the synchrotron radiation. How-
ever, their contribution is as a matrix of low-γ
material supplying a magnetic field which subse-
quently injected high-γ particles penetrate (per-
haps via the Rechester & Rosenbluth (1978) mech-
anism, see §7.7) and radiate in.
9.2. How the lobe magnetic field evolves
We have used our non-self-similar model for ra-
dio galaxy evolution (developed in Blundell, Rawl-
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ings &Willott (1999)) and refined it as in §9.1. We
emphasize that in this model equipartition is pre-
served in the transfer of plasma from the hotspot
to the head. At successive points throughout a
source’s lifetime we consider the volume of plasma
injected into the lobe from the hotspot in the pre-
ceding 103 years. The length of this slab of plasma
is taken as the distance advanced by the head of
the source during that 103 years. We imagine that
a slab of plasma, being surrounded on either side
by slabs of plasma at very similar pressure, can
expand only transversely into the IGM. Note that
this is the same geometrical configuration as en-
visaged by Chyz˙y (1997). Transverse expansion
is what governs the strength of the tangled mag-
netic field. With an assumed pressure gradient
away from the head which falls off with the square
of the distance (thus giving a ratio of pressure in
the head to that half-way along the lobe of ∼ 4 in
agreement with Kaiser & Alexander (1999)), this
simple model can give a drop in magnetic field
of over an order of magnitude in Mpc-scale radio
sources (see Fig 3).
We note that the B-field strength in almost all
of the most radiant regions of the lobe and head is
nothing like the factor of 5 below the equipartition
value at the head required by Alexander & Pooley
(1996) to explain the spectral age discrepancy in
Cygnus A. The region of the lobe nearest the core
has the lowest B-field at tobs; however, when the
source was aged >∼ a few 10
7 years the B-field of
this plasma was ∼ an order of magnitude higher
(Fig. 3) synchrotron cooling would have severely
depleted the high-γ particles injected simultane-
ously. Very low B-fields in the lobes near the core
at tobs cannot reconcile spectral and dynamical
ages.
10. Spectral gradients
Spectral gradients along the ridgelines of clas-
sical doubles, in the sense that spectra are steeper
nearer the core than at the head of the lobe,
are a common, though not ubiquitous, feature
of these objects. An early example of a spec-
tral gradient was found by Burch (1977) in 3C452
where the spectral index between 1.4GHz and
5.0GHz was found to steepen from 0.7 near the
head of the source to 1.7 near the centre of the
source. Burch attributed this behaviour to in-
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Fig. 3.— Magnetic field strength in a radio lobe
at a given distance away from the core. The
solid sloping lines are calculated for the model de-
scribed in §9.2, where flux-freezing is invoked as
the lobe expands transversely. The dashed slop-
ing lines show the magnetic field strength through-
out the lobe if the field configuration is such that
B ∝ 1/
√
A. The upper set of lines show the var-
ious magnetic field strengths if the source is ob-
served aged 107 years, the middle set if the source
is aged 108 years, and the lower set if the source
is aged 109 years. As the source ages the B-field
falls. Each set of lines corresponds to a source
with each jet carrying a bulk kinetic jet-power
Qo = 5 × 1039W. The same environmental pa-
rameters are used as for Figure 1.
creasing synchrotron losses with increasing dis-
tance from the core. The spectral steepening in
the sources studied by Alexander & Leahy (1987)
at GHz frequencies was directly interpreted as in-
creasing synchrotron losses with increasing time
elapsed since injection from the hotspot. This as-
sumption paved the way for their break frequency
fitting and spectral ageing analysis.
Cygnus A itself has been shown by Alexander,
Brown & Scott (1984) to have lobe spectra which
steepen away from the hotspots between frequen-
cies of 1GHz and 5GHz, with the spectral index
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reaching a maximum of about two in the most
extended structure. They interpreted these varia-
tions as the results of synchrotron ageing, making
it possible to estimate the speed of advance of the
hotspots. However, this same source has a spec-
tral index gradient between 74MHz and 327MHz
(Kassim et al. 1996) of ∆α >∼ 0.3. It is hard to see
that this low-frequency gradient could have the
same origin as that which Alexander, Brown &
Scott (1984) suggested for the GHz regime.
Spectral gradients are seen to extend to sub-
GHz frequencies in other examples as well (e.g.
Ja¨gers 1987, between 610MHz and 1.4 GHz).
If particles can diffuse distances comparable
with lobe-lengths in a few 106 years, then the con-
stant replenishment of energetic particles suggests
it is unlikely that synchrotron ageing is the sole
cause of the observed spectral steepening. Un-
doubtedly this plays a part in some short, very
powerful sources however.
Wiita & Gopal-Krishna (1990) have questioned
both the assumption that the magnetic field is uni-
form throughout the lobe and the traditional use-
age of an estimate of the magnetic field strength
in spectral ageing analyses made in a region near
the hotspot11. They suggest that a lower B-field
should be found closer to the core, rather than
the higher ‘pre-expansion’ B-field found nearer
the hotspot. Wiita & Gopal-Krishna say that a
lower magnetic field will result in a higher break-
frequency, and use this fact to explain the ‘anoma-
lous’ spectral gradient in 3C234 found by Alexan-
der (1987). In this particular case, using their pre-
ferred B-field estimates gives spectral ages which
are higher by a factor of only 1.5 than those of
Alexander (1987).
We now consider the consequences on the spec-
tral gradient of a magnetic field which declines
along a lobe from the head towards the core, given
the drop by ∼ an order of magnitude shown in
Fig. 3. For a given observing frequency, say 8GHz,
the emission arising from the higher magnetic
fields near the head of the source will arise from
lower Lorentz factor particles than the emission
coming from lower magnetic fields closer to the
11The motivation for this previous useage is that this is a
region in which the low-frequency spectral index should
most reflect the injection index, but see the caveat about
this in §9.
core which inevitably require higher Lorentz factor
particles for radiation at the same frequency. If the
underlying energy distribution of synchrotron par-
ticles is curved (an inevitable consequence of the
leaky hotspot model described in §9.1) then the
regions near the cores of these objects will show
steeper spectra than those near the head.
Note that a spectral gradient will only be seen
with a combination of a magnetic field gradient
and a curved spectrum. There do exist sources
with no spectral index gradient (see Ja¨gers 1987).
It may be that they have a magnetic field gra-
dient, but the spectrum of particles supplied by
the hotspot is (e.g. because the hotspot has such
a high B-field) only described by α = 1, i.e. any
break in the hotspot spectrum is not seen by an
amount δα = 2a2 log10(Bhead/Blobe) where a2 is
the coefficient of the curvature term in the fre-
quency spectrum (c.f. Blundell et al 1999a) — see
schematic illustration in Fig. 4.
Carilli et al. (1991) find that the bright fila-
ments of Cygnus A have higher break frequen-
cies than their environs and throughout the source
they find a correlation of total intensity and break
frequency. We interpret this as confirmation that
at a chosen observing frequency the higher B-field
regions in a lobe will be ‘illuminating’ a lower en-
ergy regime of the underlying particle distribution,
which will have a flatter spectrum (hence higher
‘break’) than the higher energy regimes illumi-
nated by lower B-fields (see Figure 4). This is
strong evidence in favour of replenishment rather
than static spectral ageing because it is the oppo-
site effect to that predicted by synchrotron ageing.
11. Independent evidence for quantitative
magnetic field gradients
We now consider quantitative estimates from
the literature of magnetic field strengths and their
comparisons with equipartition inferred values.
Murgia et al. (1999) have found for the very
young (age <∼ 10
5 years) sources they studied
that the values of equipartition magnetic field
strength which they derive are consistent with
the magnetic field strengths responsible for the
low-frequency turnovers via the synchrotron self-
absorption mechanism.
Harris et al. (1994) show that the magnetic
field required to give synchrotron emission ob-
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Fig. 4.— Schematic illustration of the gently de-
creasing gradient in magnetic field strength along
the lobe away from the head region, and how for
an observation at say 8GHz, increasingly high
Lorentz factor particles will be sampled in regions
with lower magnetic field.
served in the hotspots (where the number of parti-
cles has been normalised by interpreting the X-ray
emission from the hotspots as synchrotron self-
Compton, i.e. it is the photons emitted by the
synchrotron electrons which are up-scattered) is
very close to the equipartition value inferred in
the usual way.
Further removed from the hotspots, X-ray emis-
sion at ∼ 2 keV has been detected associated with
radio lobes which is likely to be CMB photons up-
scattered by synchrotron particles with Lorentz
factors of ∼ 1000, as follows:
1. Feigelson et al. (1995) and Kaneda et al.
(1995) independently find for Fornax A that
the ratio of the X-ray luminosity from the in-
verse Compton up-scattered CMB photons
taken together with the synchrotron emis-
sion from the lobes imply a magnetic field
strength very close to that which is inferred
from the usual equipartition arguments.
2. For 3C 326, Tsakiris et al (1996) have in-
ferred magnetic fields which are the same
as, or lower by a factor of 2 than, the mag-
netic field strength derived from the usual
equipartition calculation on the basis of X-
ray emission detected near the heads.
3. Subsequently for Cen B, Tashiro et al (1998)
found that the magnetic field strength im-
plied by interpreting the X-ray emission as
up-scattered CMB photons gives a magnetic
energy four times lower than the particle
energy. Such a wide discrepancy is most
pronounced in the furthest regions from the
hotspots, while at the hotspots themselves,
equipartition is in fact preserved.
11.1. Pressure and magnetic field con-
straints near the core
We now turn our attention to independent cal-
ibration of the pressure in the lobes. Leahy &
Gizani (1999) have found that there is a consider-
able discrepancy with the value of the lobe pres-
sure inferred from the usual equipartition argu-
ment and that obtained by fitting a King model to
the profile of the cluster X-ray emission surround-
ing Her A, assuming a temperature and deducing
the pressure which is confining the lobes. This
is in the sense that the lobe pressure appears to
be an order of magnitude too low for pressure bal-
ance with the external confining medium. Leahy &
Gizani (1999) conclude that some non-radiating,
low-energy contribution (such as protons or very
low-γ particles) must be responsible for the extra
pressure. There is considerable independent evi-
dence that very low-γ particles must be present in
the lobes: i) they are present in the jets which feed
the lobes [as required by the details of the circu-
lar polarisation detections of Wardle et al (1998)]
ii) they are an inevitable consequence of the syn-
chrotron decay process.
If it is the case that the particles which emit the
observed synchrotron radiation represent a high-γ
tail which has penetrated through the low-γ ma-
trix then it is clear that the standard minimum
energy calculation based on this emission, includ-
ing that near the core, has a very unsound basis.
Moreover, if it is the case that the parti-
cles which emit the observed synchrotron radi-
ation represent a high-γ tail which has penetrated
through the low-γ matrix then it is clear that the
standard minimum energy calculation based on
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this emission, including that near the core, has a
very unsound basis.
For a lobe with a particle reservoir whose en-
ergy distribution is given by
N(γ)dγ = Kγ−(2α+1)dγ (5)
between all particle energies from γmin to γmax
residing in mean magnetic field strength B over
volume V (assuming a filling factor of unity and
no significant contribution from protons) the total
energy budget is given by:
Etot = VKmec
2 ln
[
γmax
γmin
]
+
B
2
V
2µ0
(6)
if α = 0.5, and otherwise:
Etot = V Kmec
2
[
1
γ2α−1min
− 1
γ2α−1max
]
+
B
2
V
2µ0
. (7)
For the case where α = 0.5 the energy budget is
governed by the upper-limit to the energy distribu-
tion, but given that no known lobes have spectral
indices as flat as this we do not consider this case
further. For steeper spectral indices, Equation 7
shows us that this depends essentially not at all on
γmax (hereafter we neglect this term) but is gov-
erned by γmin. A choice of γmin = 50 will under-
estimate this contribution to the energy budget by
a factor of e.g. 500.2 for α = 0.6 if the true value
is γmin = 1.
On the naive assumption that at least for low
energies the distribution can be represented by a
power-law, the other major unknown in this is the
normalisation of the number density of particles,
K. This has been estimated in a couple of cases by
inferring the number densities of the low-γ parti-
cles required to inverse Compton scatter photons
from the AGN radiation field upto the soft X-
rays12 in the cases of 3C 219 (Brunetti et al 1999)
and CenB (Tashiro et al 1998). In the former
case, Brunetti et al (1999) found that the number
density of particles must exceed the equipartition
value by a factor of 10 (this is derived assuming
12We note in passing that it is possible to misconstrue ex-
tended X-ray emission from powerful high-z classical dou-
bles which has been upscattered from the powerful QRF as
arising from surrounding cluster emission. Accurate mor-
phological information from high-resolution observations
with Chandra will be a great asset.
γmin = 50). In the latter case, Tashiro et al (1998)
assume that γmin = 1000 which given the evidence
of inverse-Compton scattering off the AGN radia-
tion field, denies the presence of the γ ∼ 100 parti-
cles responsible and is probably not the best choice
of γmin given the evidence discussed earlier in this
section. Brunetti et al (1999) recalulate the energy
budget for Tashiro et al’s data using γmin = 50
and find that a number density ∼ 50 times higher
than implied by the equipartition value is required
to explain their X-ray detections.
The observed synchrotron luminosity Pν , is
given by:
Pν ∝ V KB1+αν−α. (8)
The unknowns in this equation are famously K
(the normalisation of the number density) and B
(the mean magnetic field strength), although the
product KB1+α is of course determined. If K is
found to be ∼ 10 times higher than equipartition
values then the magnetic field strength giving rise
to the observed luminosity is lower by a factor
of ∼ 101/(1+α) than the traditional equipartition
calculation implies. Note that the constraints in
number density from Brunetti et al (1999) and
Tashiro et al (1998) pertain to emission which
is close to the core, i.e. in the oldest regions of
the lobes, precisely those regions which our sim-
ple model of §9.2 predicts to be those for which the
synchrotron emitting population is most poorly
approximated as a smooth continuation from the
low-γ population.
These results on the independent determination
of magnetic field strengths (for the hotspots, heads
and lobes-near-the-core) are thus in accordance
with our simple model. The fast-streaming picture
of §7.7 means that the spectral shape of the high-γ
population can be preserved throughout the lobe,
but the normalisation (i.e. K) will depend on the
details of the diffusion mechanism. At the heads
of the lobes the plasma is being viewed within
a time-scale shorter than the synchrotron radia-
tive lifetime so the high-γ population is a smooth
continuation of the low-γ population. However,
near the core the normalisation of the high-γ pop-
ulation could substantially underestimate the nor-
malisation of the low-γ population.
There are some very important implications of
our inference in this section that the lobe pres-
sures are roughly an order of magnitude larger
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than those estimated by the standard minimum
energy arguments. We have already considered
this possibility in Willott et al (1999): in the no-
tation of that paper, f is the factor (greater than
unity) which when multiplied by the minimum
energy value (calculated in the traditional way)
gives the total power which the jets have deliv-
ered since they first switched on (see equation 4 in
that paper) and has a value of ∼ 20. This value is
made up of several multiplying factors such as fmin
(which accounts for an excess energy in the par-
ticles compared with that in the magnetic field),
fgeom (which accounts for the unknown deprojec-
tion of a radio-source onto the plane of the sky),
gexp (which allows for work done by the expansion
of the radio source against the external medium)
and gke (which accounts for energy in the bulk
backflow of the lobe). Our inference in this sec-
tion is that the bulk of the f factor is contributed
by fmin ∼ 10, leaving room for only much smaller
contributions from gexp (probably ∼ 2), fgeom etc.
There is therefore no room for major contributions
to the pressure from protons, or for the filling fac-
tor to be much lower than 1. Furthermore, the
greater total energy in the lobes changes the nor-
malisation of the inferred jet power. Willott et al’s
(1999) figure 7 shows that the effect of this change
is to suggest that the bulk power in the jets is then
of the same order as the power radiated away by
the accreting central engine. This rough equal-
ity of kinetic and radiated outputs of an accreting
black hole is a prediction of some models (Falcke
et al. 1995).
12. Discussion of Katz-Stone & Rudnick
results
Rudnick et al. (1994) and Katz-Stone & Rud-
nick (1994) have made a new type of analysis of the
high-fidelity imaging data of Carilli et al. (1991)
on Cygnus A. They found evidence for a universal
(curved) spectrum which describes emission over
the entire source. That is, they take the spectrum
at various points throughout the source and then
on the log(flux− density) vs log(frequency) plane
they perform translations to the different spectra
which are parallel to either one or other axis. They
found that these translations meant that all these
spectra would overlay on one another, i.e. they had
precisely the same shape. This result has come
from high-resolution images whereas lower resolu-
tion images can give the impression of power-law
spectra. We note that the most recent detections
of the hotspots in CygnusA in the sub-millimetre,
by Robson et al. (1998) with SCUBA, imply a
power-law spectrum with spectral index ∼ 1 but
with the comparatively low angular resolution of
SCUBA (∼ 15′′, at 850 µm) it is likely that these
spectra will be flattened by the contribution of the
other hotspot components in the SCUBA beam.
Katz-Stone & Rudnick found no evidence for
the evolution of the electron energy distribution
function. Neither did they find a distribution
resembling the Kardashev (1962) & Pacholcyzk
(1970) model or the Jaffe & Perola (1973) model;
nor do they find any evidence of the traditionally
assumed injection power-law distribution.
The translations of the spectra which Rudnick
and Katz-Stone et al. performed are effectively
moving around in age–B-field space (see Katz-
Stone & Rudnick (1994)). The curve they find is
telling us, albeit indirectly, about the underlying
particle distribution (which is what the hotspots
inject). The universality of the spectrum found for
Cygnus A strongly suggests that no particle accel-
eration processes have taken place at any signifi-
cant level since the shape of the original spectrum
would not be preserved by such a process. Under
these circumstances it is not a surprise that the
spectra should be the same in the lobes and the
hotspots. This argues for a constant injection sce-
nario [as in the hotspot model of Blundell, Rawl-
ings & Willott (1999)] throughout the fraction of
a source’s life comparable with or greater than
the radiative lifetimes of the synchrotron-emitting
particles.
The inclusion of fast-streaming of high-γ parti-
cles via anomalous diffusion helps to explain why
Rudnick et al. (1994) see the universal spectrum:
all parts of the lobe show us the energy distribu-
tion of particles as they were when (or within a
few 106−7 years of being) first injected from the
hotspot.
A lobe cut into a sequence of strips will not just
be telling us about a sequence of differences arising
just from the time of injection (as is inherently as-
sumed in the spectral ageing analyses) but mainly
about different and decreasing magnetic fields. If
fast streaming does occur then this would be con-
volved with different Lorentz factors from different
times of injection.
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13. Concluding remarks
The spectral ageing method can work well as
long as the ages to be measured are much shorter
than the radiative lifetimes of the particles which
constitute the spectrum and when the history of
the magnetic field is well-approximated. This has
recently been demonstrated by Owsianik et al.
(1998), Owsianik & Conway (1998) and Murgia et
al. (1999) for sources with ages 102 – 103 years and
105 years respectively. In the former cases, direct
verification of the advance speeds via proper mo-
tion measurements of the hotspots with the VLBA
is available and shows impressive agreement with
the spectral ages of a similar object derived by
Readhead et al (1996). It is interesting in this re-
gard that rather more convincing broken spectra
and spectral breaks are found in these cases than
for the spectra extracted from the much older clas-
sical doubles.
The possibility of replenishment of high-γ par-
ticles via diffusive streaming means that spectral
ages in older and larger classical doubles are even
more meaningless than previous worries have sug-
gested.
The best way of viewing radio lobe emission is
via an evolving magnetic field mediated by a low-γ
matrix which, according to its strength and the ob-
serving frequency, will illuminate some small part
of the electron energy distribution as recently in-
jected by the hotspot. Such an approach is sup-
ported by the observations of Carilli et al. (1991)
that the bright filaments of Cygnus A have flatter
spectra than the surrounding fainter emission.
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